Indications of an Electronic Phase Transition in 2D YBa 2 Cu 3 07 - x Induced by 

Electrostatic Doping 
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We successfully tuned an underdoped ultrathin YBa2Cu307_a; film into the overdoped regime by 
means of electrostatic doping using an ionic liquid as a dielectric material. This process proved to be 
reversible. Transport measurements showed a series of anomalous features compared to chemically 
doped bulk samples and a different two-step doping mechanism for electrostatic doping was revealed. 
The normal resistance increased with carrier concentration on the overdoped side and the high 
temperature (180 K) Hall number peaked at a doping level of p~0.15. These anomalous behaviors 
suggest that there is an electronic phase transition in the Fermi surface around the optimal doping 
level. 

PACS numbers: 74.25.Dw,74.25.F-,74.40.Kb,74.62.-c 



The modulation of the electrical charge carrier den- 
sity in strongly correlated electron systems using an elec- 
tric field as an external control parameter is a long- 
standing goal in condensed matter physics due to its 
potential impact from both fundamental and technolog- 
ical points of view[l|, Among those interesting ma- 
terials, the application of field effect concepts to high 
temperature superconductors (HTSCs) is an active re- 
search field since it could provide a tool to control the 
density of the superconducting condensate in a reversible 
way, while keeping a fixed structure and avoiding chang- 
ing the disorder associated with conventional doping by 
chemical substitution Apart from potential applica- 
tions, electrostatic doping of HTSCs is also a useful tool 
to study fundamental questions that still remain open 
such as the properties of the superconductor-insulator 
(SI) transition and the role of quantum criticality 

Recently, the development of electronic double layer 
transistors (EDLT), that use ionic liquids (ILs) as 
gate dielectrics, has been successfully employed to 
achieve levels of doping of 10 15 /cm 2 [7H9(. Tak- 
ing advantage of such large charge transfers, this 
technique has been employed to successfully tunc 
the SI transition in L^-aSr^CuO^LSCO)^] and in 
YBaaCusOr-,; (YBCO) [3, and to study the low carrier 
concentration side of the phase diagram. Both works re- 
veal interesting physics on the nature of the quantum 
phase transition separating the superconducting and in- 
sulating phases when the density of charge carriers is de- 
pleted. 

Nonetheless, the possibility of accumulating charge 
carriers by the field effect to tune an underdoped cuprate 
into the overdoped regime has remained elusive. For the 
123 family of cuprate compounds, it has been shown that 
the CuC-2 planes are only indirectly affected by the elec- 
tric field since the injected holes are mainly induced in 
the CuOa; chains fioj. Moreover, the systematic prepara- 
tion of YBCO bulk samples by tuning the oxygen stoi- 
chiometry in the overdoped region is difficult to achieve 



and the highest level of overdoping is limited by the 
oxygen stoichiometric concentration, 0.194 holes/Cu for 
YBaaCuaOrjlJ. 

Here we present a transport study of an electrostati- 
cally doped YBCO ultrathin film. We exploit the high 
local electric fields (10 9 V/m) induced by an ionic liquid 
at the surface of the sample to tune the concentration of 
holes in the superconducting condensate across the top 
of the superconducting dome. The experiment reveals 
that the electrostatic doping of YBCO involves a differ- 
ent doping mechanism, as well as an anomalous normal 
resistance behavior in the overdoped regime. Surpris- 
ingly, we also find that the Hall number measured at 180 
K displays a maximum around the optimal doping level 
that suggests the occurrence of an electronic phase tran- 
sition separating the underdoped and overdoped regimes. 

Ultrathin YBCO films were grown by means of a 
high pressure oxygen sputtering technique on (001) ori- 
ented SrTiOa substrates. The technical details of sample 
preparation and characterization can be found in Ref. p| . 
In order to determine the thickness threshold that sep- 
arates insulating and superconducting samples, i.e. the 
thickness of the dead layer, we produced a series of thin 
films with thicknesses ranging from 5 to 10 unit cells. Us- 
ing standard four-probe techniques we characterized the 
R(T) curves for each sample and we found that the 5-6 
unit cells thick samples are insulating and the supercon- 
ducting properties are completely recovered in a 7 unit 
cell thick film. The EDLT devices were fabricated using 
films of this thickness, following the procedure described 
in Ref. ||. 

We monitored the gating process of the 7 unit cell 
YBCO ultrathin film by measuring the sheet resistance 
as a function of temperature(see Fig. [I). As can be seen 
in Fig. [lja), the fresh sample, without any applied gate 
voltage (Vq), has a transition temperature T c = 42 K. 
Here T c was determined as the temperature correspond- 
ing to the crossing of the extrapolation of the fastest 
falling part of the R(T) curve to zero resistance. After 
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FIG. 1: (color online) Temperature dependence of the sheet 
resistance at different gate voltages, (a). From to -1.2 V, 
Vg was changed in -0.1 V increments and then from -1.2 to 
-2.38 V, the increment was -0.02 V. (b). From -2.38 to -2.56 
V, Vg was changed in increments of -0.02 V. (c). Negative 
Vg was then removed and a positive Vg was added. From 
to 0.7 V, Vg was changed in 0.1 V increments. (d).VG =0.7, 
0.75, 0.80, 0.85, 0.90, 0.95, 1.0, 1.05, 1.07, 1.10, 1.13, 1.15, 
1.17, 1.20 V, then the increment was changed to 0.02 V until 
V G =1.46V. 



the application of a negative gate voltage, T c increases 
and the normal state sheet resistance (the metallic region 
of the curve) drops. This is an indication that charge car- 
riers are being injected into the sample and the concen- 
tration of holes is increasing towards the optimal doping 
point. For higher negative gating, Vg = -2.24 to -2.38 
V, the rate of change of T c and the normal resistance 
slows down and saturates. T c reaches a maximum value 
of 67 K and the normal resistance reaches a minimum 
of 750 f2 at 180 K. We also observed small fluctuations 
in both T c and the normal resistance in this regime. As 
shown in Fig.QJb), upon a further increase of the negative 
gate voltage, T c decreases, suggesting that the sample 
has been tuned into the overdoped regime. In addition, 
the normal resistance increases with increasing negative 
gate voltage, which is different from what is found in 
chemically doped bulk samples [il2|. For the highest neg- 
ative gate voltages (-2.46 V < Vq < -2.56 V) we note 
that the superconducting transition is not abrupt and a 
second transition is turned on at the lowest temperature 
part of the R(T) curve. We believe that this phenomenon 
is associated with the complete accumulation of holes in 
the top 1 to 2 unit cells which are the active layer of the 
sample, with the insulating dead layer underneath being 
affected by the high electric field. 

To check the reversibility of the process and rule out 
a possible chemical reaction on the sample's surface we 
reversed the polarity of the gating. The result is shown 
in Fig. QJc). After a threshold voltage of about +0.3 
V, T c starts to increase and the normal resistance starts 
to drop, both of which are evidence of the recovery of 
optimal doping. With further increase in the positive 



gate voltage, shown in Fig.fjjd), T c drops and the normal 
resistance increases, revealing the complete recovery of 
the initial state of the sample and confirming that the 
electrostatic doping process is reversible. 

In order to obtain an independent variable to describe 
the process of accumulation or depletion of holes we in- 
ferred an effective hole doping "p" by using the generic 
parabolic relation T c /T C)laax = 1 -82.6(p-0.16) 2 []jl|. We 
used this calculated number of holes to plot T c and the 
values of normal resistance at 180 K (see Fig. [2]). The 
open triangles represent the evolution of T c and normal 
resistance at 180 K during the accumulation of holes, the 
depletion process is represented by the solid triangles. 
Interestingly, the normal resistance at 180 K exhibits a 
minimum around the optimal doping point, and its evo- 
lution with the number of holes per Cu02 plane roughly 
follows the same path in both the depletion and accumu- 
lation processes. This is a surprising behavior since in 
the overdoped region of the general bulk phase diagram 
of cuprates, the normal state is a Fermi liquid and a low- 
ering of the normal resistance would be expected as the 
doping level increased. This raises the possibility that 
electrostatic doping is different from the chemical doping 
of bulk samples. Due to the short Thomas-Fermi screen- 
ing length, the electric field affects only the surface layer 
(1 to 2 unit cells). Thus we are studying the properties of 
a 2D system whose physics might be different from that 
of bulk samples. Another possible effect, is the strong 
localization of the carriers resulting from the high local 
electric field induced by the accumulation of anions of 
the ionic liquid at the surface of the sample, or from the 
eventual increase of the electronic disorder at high levels 
of doping. 
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FIG. 2: (color online) Transition temperature (T c ) and nor- 
mal resistance at T=180K vs. effective hole doping, p. For 
both T c and the normal resistance, data with negative values 
Vg are denoted by open triangles and data with positive Vg , 
by solid triangles. 

Upon a closer inspection of Fig. [2j we notice that two 
different regions can be identified during the gating pro- 
cesses. The first one (region 1) shows an unchanged 
T c over a large range of normal resistance change (i.e. 
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gate voltages) and it plays a primary role at the begin- 
ning and the end of the charging processes as holes are 
accumulated and depleted, respectively. The second re- 
gion (region 2) is described above and it shows that the 
superconducting T c and the normal resistance at 180 K 
are correlated and the superconducting properties of the 
sample are directly affected by the presence of the gate 
voltage. This is evidence that a threshold gate voltage 
is required for the doping of the superconducting planes. 
For gate voltages lower than the threshold, T c is not af- 
fected and the doping process is manifested only by the 
changes of the normal resistance (region 1). Once the 
threshold is reached the superconducting properties are 
affected correspondingly (region 2). 

Since the normal resistance is determined by the car- 
riers both on the CuC>2 planes and on the CuO x chains 
while the superconducting property is mainly determined 
by the carriers on the Cu02 planes 14], our data sug- 
gest that the electrostatic doping of YBCO is actually 
a two-step process. First carriers are induced on the 
CuO x chains and second, once a threshold concentration 
is reached, charge transfer occurs from the CuO^ chains 
to the Cu02 planes. In a previous study on NdBa2Cu307 
in a backside gate configuration fit)) . Salluzzo et al. found 
that the holes injected by the electric field mainly dope 
the CuOz chains while the CuC>2 planes are only affected 
by the intra unit cell charge transfer from the CuO x 
chains. Here we see that this charge transfer can happen 
only after a threshold carrier concentration on the CuO x 
chains is reached and before this threshold, the electro- 
static doping can affect only the CuO^ chains while the 
CuC>2 planes are kept almost untouched. This two-step 
electrostatic doping process appears to be different from 
that of chemical doping, in which any changes of the hole 
doping in the range of 0.05<p<0.2 will affect the normal 
resistance and the superconducting properties simultane- 
ously . 

To develop insight into the nature of the anomalous 
normal resistance behavior in the overdoped region, we 
measured the Hall resistance at 180 K at different gate 
voltages. Figures G2a) and E^b) show the linear depen- 
dence of the transverse Hall resistance on magnetic field 
for different gate voltages. Hall resistances show a pos- 
itive slope, which indicates that the charge carriers are 
holes as expected. In Fig. |3^c) the normalized Hall num- 
ber as a function of hole concentration is shown. The Hall 
number is calculated from tih = l/(^He), being Rh the 
Hall coefficient which is determined from the slope of the 
linear fit of the data plotted in Figs.[3la) andEJb). Inter- 
estingly, we find that the Hall number increases with the 
hole concentration up to p~0.15 whereupon an abrupt 
change takes place and a peak is developed. 

The Hall effect of high-T c cuprates has been long stud- 
ied and two scenarios have been proposed. One is the two 
relaxation time model 15, [Til], in which the Hall relax- 
ation rate 1/th and the transport scattering rate 1 / r tr 
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FIG. 3: (color online)(a) and (b), Hall resistance (R xy ) vs. 
magnetic field at T=180K for different gate voltages. From 
to -2.32 V, Vg changes -0.04 V every time and from -2.32 to 
-2.52 V Vg changes -0.02 V every time, (c), Normalized Hall 
number (nji) vs. hole doping p. 



are associate with spins and charges respectively. In the 
other scenario one has to consider the scattering from dif- 
ferent regions of the Fermi surface (17|. Experimentally, 
anomalous dependence of the normal state Hall coeffi- 
cient on the doping level has been reported in chemically 
doped YBCO[ll, Bi 2 Sr 1 . 51 La .49CuO 6+5 (BSLCO) 
and LSCOdl. In YBCO the Hall conductivity at 125 K 
showed anomalous behavior around the 60-K phase and 
in BSLCO and LSCO, «h peaks around the optimal dop- 
ing level at low temperature when superconductivity is 
suppressed by ultra high magnetic field. These anoma- 
lous behaviors are closely related to an unusual electronic 
state or a sudden change in the Fermi surface, although 
chemical doping might also change the magnetic coupling 
thus change the Hall scattering rate. 

For electrostatic doping, it is hard to imagine that an 
electric field will change the magnetic coupling. Thus 
the riH peak we observed indicates that there might be 
an electronic phase transition in the Fermi surface. In- 
terestingly, in our results, the peak of the Hall number is 
found to be at p~0.15, to the left of the optimal doping 
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point (p=0.16). For a doping level of p=0.15 the value 
expected for T*, the pseudogap crossover temperature, 
roughly matches 180 K [21]. This would indicate that the 
electronic phase transition occurs at the boundary of the 
pseudogap state and the strange-metal state in the bulk 
phase diagram. However, the parabolic relation we used 
to derive the effective doping level might not be quanti- 
tatively right for a 2D film. Thus it is only safe to say 
the electronic phase transition we observed is around the 
optimal doping level, separating the underdoped regime 
and the overdoped regime. 

Quantum oscillation experiments [Til 22 - 24 1 showed 
that while there is a large hole-like Fermi surface in 
the overdoped regime, there are only small pockets in 
the underdoped regime. Angle Resolved Photoemission 
Spectroscopy also showed that the transition from the 
overdoped to the underdoped regime is accompanie d by 
an electronic reconstruction of the Fermi surface |25l429| . 
Thus an electronic phase transition in the Fermi surface 
is expected around the optimal doping regime. However, 
this anomalous behavior has never been widely reported 
in bulk samples and the similar peak observed in Ref. (l9| 
disappeared at high temperature. This suggest that the 
electronic phase transition has been enhanced in our film, 
either due to the low dimensionality or the high local 
electric field. 

In summary, we have studied the transport properties 
of an ultrathin YBCO film with the doping level chang- 
ing from the underdoped regime to the overdoped regime 
by means of electrostatic doping. Our results reveal a 
two-step doping mechanism for the electrostatic doping 
of YBCO which is different from that of conventional 
chemical doping. Anomalous behavior of the normal re- 
sistance on the overdoped side was also accompanied by 
a peak in the high temperature (180 K) Hall number at 
p~0.15. This suggests there is an electronic phase transi- 
tion on the Fermi surface near the optimal doping point. 
The low dimensionality of the film or the high local elec- 
tric field in the EDLT configuration might enhance this 
electronic phase transition and bring about these anoma- 
lous behaviors. 
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